To improve the development of singly cultured bovine embryos, we developed a co-culture method with trophoblastic vesicles. The growth of trophoblastic cells was markedly increased in vitamin-supplemented medium 199 compared with medium 199. Upon co-culture of a single embryo with trophoblastic vesicles in vitamin-supplemented medium 199, embryo development to the blastocyst stage was significantly higher than in embryos co-cultured with trophoblastic vesicles in RPMI 1640 or with cumulus cells in medium 199 (control). In the absence of the vitamin cocktail, co-culture with trophoblastic vesicles in medium 199 did not improve embryo development compared with that of the control. The vitamin cocktail was effective in embryo development when co-cultured with trophoblastic vesicles, but not with cumulus cells. Embryo development was not improved in the absence of co-cultured trophoblastic vesicles, even in the presence of vitamin cocktail. In conclusion, the co-culture system with trophoblastic vesicles in vitamin-supplemented medium 199 efficiently enhances the development of singly cultured embryos. Key words: Bovine, Co-culture, Embryo, Trophoblast, Vitamins (J. Reprod. Dev. 58: [717][718][719][720][721] 2012) T here has long been the need for a specific culture system for use with a small number of oocytes collected individually from one or both ovaries of a bovine under the guidance of an ultrasonic apparatus. Generally, the development of singly or sparsely cultured early embryos is poor compared with embryos cultured in larger numbers [1, 2] . An individually cultured oocyte becomes well developed upon co-culturing with granulosa cells, but blastocyst formation remains low [3] . Fujita et al. [4] suggested that embryo culture medium was effective for development of an individually cultured embryo. Larson et al. [5] reported that interferon-τ was more highly secreted from embryos cultured in groups compared with an individually cultured embryo. It is well known that interferon-τ secreted from trophoblastic cells is an important signal of maternal recognition during pregnancy [6] [7] [8] [9] [10] . Interferon-τ mRNA is detected at the blastocyst stage, and interferon-τ is first produced after blastocyst expansion followed by hatching from the zona pellucida [11] . The development of embryos is promoted by recombinant interferon-τ, with its receptor expressed in morula-stage embryos [12] . Embryos effectively develop upon co-culture with trophoblastic vesicles derived from ex vivo cultures [13, 14] . Stojkovic et al. [15, 16] reported that either interferon-τ secreted from trophoblastic vesicles or trophoblastic vesicle-conditioned medium improves the development of bovine embryos in vitro. Thus, trophoblasts appear to have a potential role in the development of early embryos through a mechanism of enhanced interferon-τ secretion.
T
here has long been the need for a specific culture system for use with a small number of oocytes collected individually from one or both ovaries of a bovine under the guidance of an ultrasonic apparatus. Generally, the development of singly or sparsely cultured early embryos is poor compared with embryos cultured in larger numbers [1, 2] . An individually cultured oocyte becomes well developed upon co-culturing with granulosa cells, but blastocyst formation remains low [3] . Fujita et al. [4] suggested that embryo culture medium was effective for development of an individually cultured embryo. Larson et al. [5] reported that interferon-τ was more highly secreted from embryos cultured in groups compared with an individually cultured embryo. It is well known that interferon-τ secreted from trophoblastic cells is an important signal of maternal recognition during pregnancy [6] [7] [8] [9] [10] . Interferon-τ mRNA is detected at the blastocyst stage, and interferon-τ is first produced after blastocyst expansion followed by hatching from the zona pellucida [11] . The development of embryos is promoted by recombinant interferon-τ, with its receptor expressed in morula-stage embryos [12] . Embryos effectively develop upon co-culture with trophoblastic vesicles derived from ex vivo cultures [13, 14] . Stojkovic et al. [15, 16] reported that either interferon-τ secreted from trophoblastic vesicles or trophoblastic vesicle-conditioned medium improves the development of bovine embryos in vitro. Thus, trophoblasts appear to have a potential role in the development of early embryos through a mechanism of enhanced interferon-τ secretion.
Trophoblastic vesicles can be prepared from embryo cultures in vitro, as well as from the ruminant conceptus after collection from the uterus [17] , where interferon-τ is secreted from cultured trophoblastic vesicles [11, 15] . The development of early bovine embryos derived ex vivo was improved upon by co-culture with trophoblastic vesicles derived ex vivo [13, 14] . The preparation of trophoblastic vesicles derived in vitro by a simple culture method would be more practically suitable for future studies. The development of early embryos could be improved if a co-culture system consisting of early embryos with trophoblastic vesicles in vitro is established. Trophoblastic vesicles do not grow successfully in medium 199, the medium generally used for embryo culture [17, 18] , but do grow successfully in RPMI 1640 or D-MEM/Ham's F10 medium [17] . RPMI 1640 and D-MEM/Ham's F10 contain high concentrations of vitamins and glucose (although high levels of glucose are harmful for the development of early embryos) [19, 20] .
Therefore, we focused our attention on the use of vitamins in media that may improve the efficiency of co-culturing early embryos with trophoblastic vesicles. We also compared the efficacy of culture systems in terms of both embryo competence and viability after cryopreservation to evaluate embryo quality. In this study, we investigated the effect of vitamins on the development of trophoblastic cells in vitro and development and cryotolerance of individually cultured embryos co-cultured with trophoblastic vesicles in vitaminsupplemented medium 199.
Hatched blastocysts derived from in vitro fertilization (IVF) were cultured from day 9 to day 14 in medium 199, medium 199 supplemented with 0.5% or 1% vitamin cocktail or RPMI 1640 ( Table 1 ). The areas of the trophoblastic cell sheet and sphere were measured on day 14 or day 21 after IVF. The growth of trophoblastic cells was very slow in medium 199 compared with those cultured in RPMI 1640 ( Fig. 1; P<0 .05). However, medium 199 supplemented with 1% vitamin cocktail substantially improved the development of bovine trophoblastic cells in vitro. Vitamins function as coenzymes in the catabolism of carbohydrates, lipids, and proteins. For example, folic acid is an essential nutrient for the biosynthesis of nucleic acids, amino acids, and cell division, and plays an important role in DNA stability [21] . Folic acid is taken during pregnancy to prevent apoptosis of human trophoblastic cells [22, 23] . Choline plays an important role in cellular maintenance; the trophoblast of the guinea pig placenta displays a high uptake of choline [24] . Riboflavin drives intermediary metabolism of carbohydrates, amino acids and lipids; a riboflavin transporter system exists in the trophoblast derived from BeWo cells [25] . Although the specific functions of each individual vitamin in bovine trophoblastic cells are not yet defined, our results strongly suggest that vitamins as a class are efficient nutrients for the development of bovine trophoblastic cells.
The efficiency of the development of a single embryo into a blastocyst was significantly improved by using a co-culture system with trophoblastic vesicles in medium 199 containing 1% vitamin cocktail compared with co-culture with cumulus cells in medium 199 (control) or co-culture with trophoblastic vesicles in RPMI 1640 (Table 2) . When a single embryo was co-cultured with trophoblastic vesicles in medium 199, embryo development to the blastocyst was significantly increased compared with embryo co-culture with trophoblastic vesicles in RPMI 1640 medium (P<0.05). However, there was no significant difference between co-culturing embryos with trophoblastic vesicles in medium 199 and the control. The survivability of blastocysts after cryopreservation did not differ among culture conditions (Table 2 ). In embryos co-cultured with cumulus cells, Shirazi et al. reported that the culture medium had no influence on bovine embryo development and survivability after cryopreservation [26] . In embryos co-cultured with trophoblastic vesicles with vitamin-supplemented medium 199, our results indicated that individual embryo development was improved compared with co-culture with cumulus cells in medium 199 in regard to blastocyst yield, while cryotolerance did not differ from that with culture medium. When individual embryo development was compared between embryos co-cultured with cumulus cells and trophoblastic vesicles in medium 199 with 1% vitamin cocktail, embryo development to the blastocyst stage was significantly higher when embryos were co-cultured with trophoblastic vesicles than compared with co-culture with cumulus cells (Table 3 ; P<0.05). In the absence of co-culture cells, the development rate of individually cultured embryos showed no significant difference between medium 199 and medium 199 with 1% vitamin cocktail ( Table 4 ). The development of trophoblastic vesicles in vitro was shown to be influenced by the culture medium [17, 18] and culture conditions [15, 16] . RPMI 1640 contains a high concentration of glucose (Table  1 ; 2000 mg/ml), may be detrimental to the development of early-stage embryos, regardless of co-culture with trophoblastic vesicles. In the present study, we successfully improved the development of individual embryos in vitro by using a co-culture system with trophoblastic vesicles in medium 199 supplemented with vitamin cocktail. However, this co-culture system was not effective in improving the quality of embryos based on re-expansion of blastocysts after cryopreservation.
It was reported that vitamins have an effect on the development of early embryos [27] , although vitamins diluted in synthetic oviduct fluids provide no beneficial effect to the bovine embryo [28] . Our results strongly suggest that the vitamin cocktail does not directly assist in embryo development but is efficient in promoting embryo development through enhancement of trophoblastic vesicle function. Values with different letters are significantly different (Chisquare, P<0.05). The medium volume (200 μl) of our co-culture system in experiments 2 and 3 is much larger compared with many previous reports [1] [2] [3] [4] [5] , while the optimal medium volume for indivudually cultured embryos without the co-culture system is very small, such as the 5 μl volume reported by Fujita et al. [4] . Because trophoblastic vesicles consist of multicellular masses, a larger volume of culture medium may be required for maintaining cell viability. On the other hand, we performed embryo culture without trophoblastic vesicles in 5 μl of culture medium in Experiment 4, because of not to degenerate the development of individually cultured embryos without co-culture system. The various culture systems (i.e., medium components with or without co-culture) may result in variations in the appropriate volume, so further research is required to evaluate these culture systems in the future.
In conclusion, the vitamin cocktail promotes the development of trophoblastic vesicles derived in vitro, which, in turn, enhances the development of individually cultured bovine embryos into a blastocysts.
Methods
Bovine ovaries were collected at a slaughterhouse and transported to the laboratory in the Krebs-Ringer solution containing vitamin B1 (Nippon Zenyaku Kogyo, Tokyo, Japan) at room temperature. Ovarian follicles with a diameter of 2-8 mm were aspirated by an 18-gauge needle attached to a 10 ml syringe. The cumulus-oocyte complexes (COCs) with complete dense cumulus cells and a dark cytoplasm were collected. After being washed in D-PBS (GIBCO Invitrogen, Carlsbad, CA, USA) supplemented with 3 mg/ml BSA (Sigma-Aldrich, St. Louis, MO, USA), 40-50 COCs were matured for 20 h in 500 μl medium 199 (12340-030, GIBCO Invitrogen) containing 5% heat-inactivated fetal calf serum (FCS), 100 IU/ml of penicillin (Meiji Seika Pharma, Tokyo, Japan) and 100 μg/ml of streptomycin (Meiji Seika Pharma) covered with mineral oil (Nacalai Tesque, Osaka, Japan). All of the cultures were prepared at 38.5 C in a humidified atmosphere of 3% CO 2 , 10% O 2 and 87% N 2 . Frozen semen from a Japanese black bull in a 0.5 ml straw was thawed at 38 C for 10 sec. The thawed semen was then washed twice with BO solution [29] containing 5 mM caffeine (Sigma-Aldrich) and 5 mM theophylline (Sigma-Aldrich) by centrifugation at 1800 rpm for 5 min. The sperm pellet was resuspended in the same medium, and the concentration of the sperm was adjusted to 20×10 6 cells/ml. Next, the sperm suspension was diluted 2 times with BO solution containing 20 mg/ml BSA (Sigma-Aldrich) and 5 μg/ml heparin (Sigma-Aldrich). Matured COCs were washed twice with BO solution containing 10 mg/ml BSA and 5 μg/ml heparin, and each group of 40-50 COCs was introduced into a 200 μl drop of sperm suspension under mineral oil in a 60 mm petri dish (351007, BD Falcon, East Rutherford, NJ, USA). After IVF for 5 h, zygotes were cultured with cumulus cells in modified medium 199 (consisting of NaCl, KCl, MgSO 4 , NaHCO 3 , CaCl 2 , Fe(NO 3 )/24H 2 O, NaH 2 PO 4 , Glutamine, Hepes, phenol red and amino acids) containing 10% FCS, penicillin, and streptomycin.
In experiment 1, the embryo culture medium was replaced with medium 199 containing 10% FCS on day 3 (IVF = day 0). On day 9 of culture, embryos developed to hatched blastocysts were transferred individually to 500 μl culture medium in a 24-well plate (BD Falcon). Hatched blastocysts were cultured in medium 199, medium 199 supplemented with 0.5% or 1% vitamin cocktail [MEM Vitamin Solution (100×); GIBCO Invitrogen] or RPMI 1640 (GIBCO Invitrogen). Each culture medium contained 100 μM β-mercaptoethanol (βME) and 10% FCS. Trophoblastic cells were formed from hatched blastocysts. After 5 days (day 14) and 12 days (day 21) of culture, the area of trophoblastic cells was estimated by measuring the diameter of spherical or attached cells, calculated as 4r 2 π(for spherical cells) or π 2 r (for attached cells), as previously described by Stojkovic et al. [18] and expressed as the mean ± SEM (n = 30-39).
In experiment 2, trophoblastic cells were prepared from hatched blastocysts on day 9 and individually cultured in 500 μl of RPMI 1640 containing 100 μM βME and 10% FCS from day 9 to day 16. On day 14 of culture, the attached and spherical trophoblastic cells ( Fig. 2A) were removed from the culture dish by gentle pipetting, and this was followed by the formation of trophoblastic vesicles by day 15 (Fig. 2B) . On day 15 (1 day before the co-culture process), trophoblastic vesicles formed from one hatched blastocyst were transferred into a 200 μl culture medium drop. Embryos developed in vitro to the 8-cell stage on day 2 were gathered into 500 μl of modified medium 199 containing 10% FCS and co-cultured with cumulus cells (30-40 embryos per well) until day 3, because during the first 2 days of culture, early embryos cannot develop into blastocysts in glucose-supplemented culture medium [30] . Embryos on day 3 were used for the following 3 experiments.
Cumulus cell-free embryos on day 3 were introduced individually into the culture drops and co-cultured with trophoblastic vesicles. A single embryo co-cultured with trophoblastic vesicles was added to a 200 μl drop of medium 199 with or without 1% vitamin cocktail or RPMI 1640. Each culture medium contained 100 μM βME and 10% FCS. As a control, a single embryo co-cultured with cumulus cells was added to a 100 μl drop of medium 199. Embryos developed into blastocysts on day 7 or expanded blastocysts on day 8 were recorded. Expanded blastocysts were cryopreserved by slow freezing. Blastocysts were transferred to cryoprotective solution consisting of 10% ethylene glycol (Wako, Tokyo, Japan) and 0.1 M sucrose (Sigma-Aldrich) in D-PBS containing 20% FCS, followed by rinsing with D-PBS containing 20% FCS and introduction into a 0.25 ml straw (Fujihira, Tokyo, Japan) at room temperature. The straw was slowly frozen in a programmable freezer (Fujihira) after equilibration for 10-15 min, precooling and ice-seeding at -7 C for 10 min and cooling to -30 C at a rate of -0.3 C/min. The straw was then stored in liquid nitrogen until use. The straw was thawed in the air for 10 sec and warmed for 10 sec in a water bath at 30-35 C. A thawed embryo was introduced into D-PBS containing 20% FCS, washed by gentle pipetting and then transferred into a 50 μl drop with medium 199 containing 100 μM βME and 20% FCS. The number of re-expanded blastocysts was recorded 48 h later.
In experiment 3, a single embryo on day 3 was introduced into medium 199 with 1% vitamin cocktails containing 100 μM βME and 10% FCS and co-cultured with trophoblastic vesicles in a 200 μl drop or co-cultured with cumulus cells in a 100 μl drop of medium 199 containing 1% vitamin cocktail. Embryos developed into blastocysts on day 7 or expanded blastocysts on day 8 were recorded.
In experiment 4, a single embryo was cultured in a 5 μl drop of medium 199 or medium 199 with 1% vitamin cocktail containing 100 μM βME and 10% FCS without any co-cultured cells. Embryos developed into blastocysts on day 7 or expanded blastocysts on day 8 were recorded.
The area of trophoblastic cells was expressed as the mean ± SEM and compared by one-way analysis of variance (ANOVA) and Games-Howell's test (StatView, Abacus Concepts, Berkeley, CA, USA). The numbers of embryo developing into blastocysts and re-expanded blastocysts after cryopreservation were compared using chi-square analysis. A P value of less than 0.05 was considered significant. 
